Nuclear magnetic shielding tensors computed by the gauge including atomic orbital ͑GIAO͒ method in the Hartree-Fock self-consistent-field ͑HF-SCF͒ framework are partitioned into magnetic contributions from chemical bonds and lone pairs by means of natural chemical shielding ͑NCS͒ analysis, an extension of natural bond orbital ͑NBO͒ analysis. NCS analysis complements the description provided by alternative localized orbital methods by directly calculating chemical shieldings due to delocalized features in the electronic structure, such as bond conjugation and hyperconjugation. Examples of NCS tensor decomposition are reported for CH 4 , CO, and H 2 CO, for which a graphical mnemonic due to Cornwell is used to illustrate the effect of hyperconjugative delocalization on the carbon shielding.
I. INTRODUCTION
We present here a method for partitioning theoretical NMR shielding tensors, calculated by the method of gauge including atomic orbitals ͑GIAOs͒, into magnetic contributions from bonds and lone pairs of the molecular structural formula. Our method, called natural chemical shielding ͑NCS͒ analysis, is based on the natural bond orbital ͑NBO͒ analysis method. 1 Gauge including atomic orbitals ͑or London orbitals͒ 2 were used by Ditchfield 3 and Hameka 4 to calculate NMR shielding tensors from ab initio molecular orbital wave functions many years ago. Since then, Wolinski and Pulay 5 improved the efficiency of the GIAO approach, making it practical for large molecules. 6 This approach has been extended by Jo "rgensen and co-workers to include multiconfigurational self-consistent field calculations of NMR shielding tensors. 7, 8 The GIAO approach has been generalized to various treatments of electron correlation 9 including many-body perturbation theory ͑MBPT͒, 10, 11 density functional theory ͑DFT͒ 12,13 and coupled-cluster theory ͑using single and double excitations with perturbative treatment of triple excitations ͓CCSD ͑T͔͒͒. 14 The most popular alternatives to the GIAO method have been the IGLO ͑individual gauge for localized orbitals͒ method of and the LORG ͑lo-calized orbital/local origin͒ method of Hansen and Bouman. [21] [22] [23] While the GIAO method has important numerical advantages 5, 6 over the LORG and IGLO methods, the latter express the calculated shielding as a sum over contributions from individual Foster-Boys 24 localized molecular orbitals ͑LMOs͒, which correspond to Lewis-like bonds and lone pairs. Such a localized contribution analysis can therefore give additional insights into the chemical origins of the nuclear shieldings.
We cite but a few examples to illustrate the usefulness and breadth of the LMO contribution analysis; the reader is referred to excellent annual reviews 25 for comprehensive references to other IGLO and LORG studies, too numerous to mention here. The IGLO method has been applied successfully to hydrocarbon chemical shieldings by Schindler and Kutzelnigg, 18 who proposed a theoretical increment system to predict proton and carbon chemical shifts from the number and type of neighboring bonds in a manner similar to existing empirical rules. 26, 27 Other recent localized analyses of NMR shieldings in organic compounds include studies of conformational and substituent effects on the 13 C spectra of substituted butanes 28 and synthetic polymers, 29 isotropic and anisotropic 13 C shielding in carbonyl and thiocarbonyl compounds, 30, 31 and the aromatic ''ring current'' effect. 32 The LORG program was successfully used to investigate the electronic origin of antisymmetry in carbon shielding tensors of cyclopropene and other three-membered ring compounds. 22 Localized bond contributions have been reported for inorganic and organometallic compounds as well, including those containing phosphorus, 33 titanium, 34 and selenium. 35 In addition to aiding physical interpretation of the results, the localized LORG analysis has helped to identify numerical difficulties in the shielding calculations themselves, such as the fluorine lone pair LMOs as the source of a strong basis-set size dependence of the fluorine shielding in fluoromethane. 23 NCS analysis unites the utility of a localized bond analysis with the computational benefits of the GIAO method. In addition to computing the contributions to the shielding from well localized ''Lewis'' bonds and lone pairs, the NCS algorithm also computes contributions to the shielding tensor from delocalized ''non-Lewis'' features associated with bond conjugation and hyperconjugation. The NCS analysis is directly incorporated in the NBO program, 36 and does not require significant modification of the GIAO shielding calculation itself, except with regard to storage of certain quantities ͑see Sec. II͒. In this paper, we outline the NCS algorithm a͒ Present Address: Texas Lutheran University, Seguin, TX 78155.
and directly compare Hartree-Fock self-consistent-field ͑HF-SCF͒ NCS orbital contributions in CH 4 , CO, and H 2 CO to LMO contributions obtained from the IGLO-SCF method. We find good agreement for CH 4 and CO, but a remarkable difference between the methods for H 2 CO, due to hyperconjugative delocalization of an oxygen lone pair NBO. A graphical mnemonic similar to that presented by Cornwell 37 is used to illustrate the effect of the hyperconjugative feature on the shielding of the carbon nucleus.
II. NATURAL CHEMICAL SHIELDING ANALYSIS
The GIAO treatment 3,5 of a nuclear magnetic moment in a constant external magnetic field B leads to the following expression for the NMR chemical shielding tensor components ␣␤ ,
where the matrix representations D
00
, D ␣0 , h 0␤ , and h ␣␤ are, respectively, the Fock-Dirac density matrix, the derivative of the density with respect to field component B ␣ , the derivative of the one-electron Hamiltonian ͑h͒ with respect to magnetic moment component ␤ , and the crossed second derivative of h with respect to both B ␣ and ␤ , all in the basis of atomic orbitals ͕ p ͖.
We follow the convention of Ditchfield 3 for the ordering of the tensor indices ␣, ␤, which range over the Cartesian components x,y,z. We prefer to use the labels ''unperturbed'' (u) and ''induced'' ͑i͒ 38 for GIAO contributions arising solely from the unperturbed ground-state density ( ␣␤ (u) ) and those induced from the excitation of the density by the magnetic-field perturbation ( ␣␤ (i) ), respectively, distinguishing them from the ''diamagnetic'' and ''paramagnetic'' terms of the Ramsey formalism, 39 which are defined with respect to the use of conventional AO basis sets for the calculation, rather than GIAOs.
To carry out a localized analysis of ␣␤ , we modified the TEXAS 93 program 40 to incorporate the NBO 4.0 program, 36 which in turn was modified to perform the NCS analysis. The GIAO chemical shielding tensors are first calculated by the TEXAS program in the usual manner 6 and then the associated matrices are stored. The NCS algorithm does not require alteration of the GIAO procedure except that the h ␣␤ matrices ͑which are normally not stored 5 ͒ must be saved. A standard option of the NBO program is to construct natural localized molecular orbitals ͑NLMOs͒ 1 consisting of a Lewis-like parent NBO and its non-Lewis ''delocalization tail.'' The parent NBOs are constructed to optimally describe the density between two centers ͑Lewis bond orbitals͒ or on single centers ͑lone pairs͒ and usually have nearly full (2e) occupancy. The remaining occupancy resides in the delocalization tail, representing conjugative or hyperconjugative interactions with surrounding groups. Specifically, a particular NLMO, j NLMO , may be written in the basis of NBOs as a parent NBO ⍀ j and a sum of non-Lewis ͑antibonding or Rydberg͒ NBOs ⍀ n as
where the a n j are expansion coefficients. The high occupancy of each Lewis-type NBO ⍀ j is reflected in the parent NBO coefficients a j j being nearly unity. The magnitude of ''off-diagonal'' coefficients a n j reflects the strength of conjugative or hyperconjugative features in the density, corresponding to partial (Ͻ0.1e) occupancy of the non-Lewis NBOs, ⍀ n . The NCS analysis uses the following transformations, which relate the canonical MOs ( k MO ) to the NLMOs ( j NLMO ), NBOs (⍀ n ), and AOS ( p ), viz.,
NCS analysis is based on an expression for ␣␤ in terms of NBO contributions
͑4͒
where j ␣␤ is a Lewis type ͑L͒ contribution from the parent NBO (⍀ j ) and j→n ␣␤ is an off-diagonal non-Lewis type ͑NL͒ contribution from the delocalization tail of this NLMO. Each j→n ␣␤ is therefore the shielding associated with a particular donor-acceptor interaction (⍀ j →⍀ n ) of the NBO energy analysis, contributing only when conjugative or hyperconjugative delocalization is present. Note that such delocalization occurs both in the ground state and in excited states, so NL contributions of both ground and excited type are possible.
To evaluate the terms in Eq. ͑4͒, we first calculate localized contributions to ␣␤ (u) 
where ␣ϭx, y, z, and L ␣ is the local angular momentum operator acting about the center of AO r . A corresponding visual picture ͑in the LCAO-MO framework͒ is that the magnetic field component B ␣ , which is proportional to L ␣ , ''twists'' the AOs in the plane perpendicular to the shielding direction, inducing a local field proportional to (i) which ͑usually͒ deshields the nucleus.
We should, perhaps, comment that the overall accuracy of the results presented here is similar to that of the other GIAO approaches cited above. Here orbital localization serves only as an analysis tool, whereas it is an essential feature of the IGLO and LORG methods.
III. COMPARISON WITH THE IGLO METHOD
To compare the NCS decomposition with the IGLO-SCF LMO decomposition, we present the examples CH 4 , CO, and H 2 CO, as previously treated by Schindler and Kutzelnigg. 17, 19 The CH 4 and H 2 CO calculations were performed with the same Huzinaga 41 basis sets 42 used in the original IGLO calculations. For CO, our basis set is the same as the original IGLO basis set 19 except that no f -type polarization functions are used, because they are not available for the TEXAS 93 program system 40 which we employed. The comparison nevertheless appears to be well justified also for CO, since, as will be shown, there is good agreement between the GIAO calculation and IGLO calculation of the individual components of the shielding tensors. The nuclear geometries are taken from experimental microwave spectra and IR rotation-vibration spectra. [43] [44] [45] 
A. Methane
Methane serves as a fundamental example for comparing the NCS analysis to the IGLO analysis since the carbon shielding tensor is isotropic and there are only two types of localized orbitals, the carbon core ͓1s(C)͔ and the CH bond ͑Table I͒. The molecular geometry used for the calculation corresponds to r 0 , the average nuclear configuration observed at the laboratory temperature. The tabulated values represent the nuclear shielding with respect to the theoretical bare nucleus ͑in ppm͒. As Table I shows, the orbital contributions calculated by the NCS analysis agree well with those calculated by the IGLO program. For iso ͑H͒, both methods indicate that, as expected, the CH bond in which the proton is involved causes the greatest shielding ͑24.91 ppm for IGLO vs 25.26 ppm for NCS͒, and both methods give nearly the same value for the contribution from each neighboring CH bond ͑2.11 for IGLO vs 2.04 for NCS͒. For iso ͑C͒ the NCS analysis agrees with the IGLO result that the greatest contribution to the shielding comes from the core (1s) shell, which arises through (u) , but there is a small discrepancy due to the fact that the IGLO localization method constrains the spherical symmetry of the 1s MO, whereas the corresponding NBO incorporates the slightly nonspherical symmetry of the tetrahedral environment. Thus, the polarized 1s NBO has a slightly smaller average radius, resulting in a slightly greater contribution to the carbon shielding ͑203.85 ppm for NCS vs 200.88 ppm for IGLO͒. The difference between the IGLO and NCS CH contribution to iso ͑C͒ compensates for the small difference in the 1s contribution, and the total shielding calculated by the GIAO method is in excellent agreement with the IGLO result. The non-Lewis contributions to iso ͑C͒ ͑0.38 ppm͒ and iso ͑H͒ ͑0.06 ppm͒ are relatively minor in this case, and the shielding may be interpreted quite well in terms of a ''textbook'' Lewis structure. As shown in the last row of Table I , the agreement with experimental values of the shielding 46, 47 is quite satisfactory in this case.
B. Carbon monoxide
In contrast to the isotropic carbon shielding in CH 4 , the carbon and oxygen shielding in CO arises from components of the chemical shielding tensor parallel ( ʈ ) and perpendicular Ќ to the interatomic axis. As we shall demonstrate, the NCS analysis still corresponds very closely to the IGLO analysis because there is no possibility for bond delocalization in CO.
Carbon
The first two columns in Table II show the decomposition for ʈ (C) of carbon monoxide. We choose the z axis to be collinear with the interatomic axis, so an equivalent label is zz (C), which we will use for future reference. The IGLO and NCS analyses agree very well for all of the orbital contributions, which are diamagnetic ͑since zz (i) vanishes for all closed-shell linear molecules 39 ͒ and decrease approximately as the average orbital radius increases.
The NCS 1s(C) contribution to zz (C) is largest, and its value is nearly the same as in CH 4 ͑204.3 vs 203.9 ppm͒, remaining about 3 ppm greater than the corresponding IGLO contribution. Schindler and Kutzelnigg found core contributions to be highly transferable among a wide variety of compounds in their IGLO studies, 15 and we find the same to be true of the NBO core contributions. The next greater contribution to zz (C) comes from the lone pair n (C) ͑24.2 ppm for NCS vs 27.3 ppm for IGLO͒, 48 followed by the contribution from the CO bond ͑12.9 ppm for NCS vs 14.6 ppm for IGLO͒. For both contributions, the small disagreement with the IGLO analysis compensates, in part, for the differ- For the perpendicular component Ќ (C), the Cartesian representation xx (C) is used so that the contributions from the CO (x) and CO (y) NBOs may be distinguished. Aside from the 1s core contribution, which is isotropic and unchanged from zz (C), the CO (x) contribution stands out because the IGLO and NCS contributions agree very closely ͑4.9 ppm for IGLO vs 5.1 ppm for NCS͒. The contributions are diamagnetic since the orbital angular momentum L x vanishes for the 2 p x AOs. In general, the NCS and IGLO methods exhibit the best agreement for orbital contributions which are purely diamagnetic, as is found in this case. In contrast, the induced density term dominates the contributions of CO (y), CO , and n (C) due to their orientation perpendicular to the x axis. The overall agreement with IGLO is somewhat lower for these contributions, but the signs and relative magnitudes are reasonably matched.
In CO, the non-Lewis contributions of Ϫ8.3 ppm to xx (C) and 2.0 ppm to zz (C) arise from partial occupancy of one-center Rydberg NBOs, corresponding to ''extravalence'' AOs of the basis set. 49 Although the non-Lewis contributions are larger than in CH 4 , their influence is relatively minor and the shielding is well described in terms of the strictly localized contributions.
Following the original IGLO calculation, 19 this calculation was carried out at r e rather than r 0 . Therefore, the last row in Table II shows an ''experimental'' value of Ќ (C) which is corrected for rovibrational averaging. 50 An experimental value for ʈ (C) is not shown since its value was computed by an ab initio calculation in order to determine Ќ (C). It is known that treatment of electron correlation 14 considerably improves agreement with the experimental shielding.
Oxygen
The NCS tensor analysis for oxygen in CO ͑Table III͒ exhibits many patterns found in the analysis of the carbon shielding tensor. As in the carbon shielding tensor, there is better agreement with the IGLO results for zz (O) than for xx (O). For both tensor components, the 1s(O) core dominates shielding, with the NCS analysis indicating a slightly higher value than IGLO, as found for carbon. Magnitudes of the n (O), CO , and CO contributions to zz (O) are somewhat larger in absolute value than the corresponding contributions to the carbon shielding tensor, and the agreement with IGLO is also slightly improved. As found in the carbon NCS analysis, the contribution to xx (O) from the CO (x) NBO is diamagnetic, and the paramagnetic contributions from the lone pair n (O) and CO bond dominate this tensor component. For both tensor components, the total non-Lewis contributions are smaller than for the carbon shielding tensor, and thus the oxygen shielding tensor is even better described in terms of contributions from the Lewis NBOs. Table III gives an experimental value of the tensor component Ќ (O), determined from a spin-rotation constant, including a correction for rovibrational averaging. 50 Again, treatment of electron correlation 14 improves agreement with experiment.
C. Formaldehyde
The NCS and IGLO analyses of the carbon and oxygen shielding tensors in H 2 CO are shown in Tables IV and  Tables V. Contributions to the isotropic proton shielding are  shown in Table VI for comparison with the proton shielding contributions in CH 4 . The three independent components of the C and O shielding tensors share a common Cartesian axis frame, which corresponds to x perpendicular to the molecular plane, y in-plane and z coincident with the C 2 axis, as shown in the inset of Fig. 1͑a͒ . In contrast to the examples of CO and CH 4 , the IGLO and NBO localized orbitals of H 2 CO differ in some important respects, particularly in the contributions due to lone pairs. The Foster-Boys localization method used by the IGLO program is constrained to produce two equivalent ''rabbit-ears'' LMOs, in contrast to the NBO localization, which finds one lone pair NBO, n , to be di- rected along the z axis, as in CO, and the other lone pair NBO, n , to be oriented along the y direction, as shown in Fig. 1͑a͒ .
Carbon
Table IV presents the orbital contributions for the carbon shielding tensor. The isotropic 1s(C) IGLO and NCS contributions to the carbon shielding tensor ͑Table IV͒ are closely matched ͑200.9 vs 203.9 ppm͒ and essentially unchanged from CH 4 and CO. For zz (C). The CH contributions are in the best agreement, ͑Ϫ172.4 ppm for NCS vs Ϫ171.6 ppm for IGLO͒, followed by the CO contributions ͑39.0, NCS vs 36.8 ppm for IGLO͒ and the CO bond contributions ͑14.2 ppm for IGLO vs 12.5, NCS͒, which are very close in value ͑within 0.4 ppm͒ to the corresponding contributions in CO. However, as noted above, NCS and IGLO oxygen lone pair contributions are in wide disagreement. The total contribution from the two oxygen lone pairs actually differs in sign ͑negative for NCS, positive for IGLO͒ as well as magnitude. The explanation of the discrepancy lies not only in the form of the lone pair orbitals but also in the large total non-Lewis contribution of 147.8 ppm to zz (C) ͑to be discussed in Sec. IV͒ which has no counterpart in IGLO. For the tensor component xx (C), there is again reasonable agreement in the approximate magnitudes and signs of the IGLO and NCS contributions, except for the oxygen lone pairs. The best match is for the diamagnetic CO contribution, where both treatments give the identical result of 6.5 ppm. A comparable value is found in CO, where the contribution of CO (x) to xx (C) is 5.1 ppm. As discussed above, the lone pair contributions differ sharply, due to the difference in localization methods. Overall, the paramagnetic contributions are attenuated, making the xx (C) shielding quite different than that of CO. In addition, the non-Lewis contribution ͑2.4 ppm͒ is positive and smaller than that found in CO.
The tensor component yy (C) exhibits large paramagnetic contributions from the individual NBOs and is most like Ќ (C) of CO. While both methods agree on the approximate magnitudes and signs of other orbital contributions, the greater disagreement between the GIAO and IGLO tensor components in this case ͑over 6 ppm͒ clouds the comparison. Notice that the non-Lewis contribution for yy (C)(Ϫ22.8 ppm) is significantly larger in magnitude than the corresponding contribution for xx (C), indicating a qualitative relationship to the induced density contribution to the carbon shielding tensor.
Stanton and Gauss 14 recently determined that treatment of electron correlation is required to obtain better agreement with experimental values of the carbon shielding, 30, 51 shown in the last row of Table IV.
Oxygen
The NCS orbital contributions to the oxygen shielding tensor are compared to the IGLO contributions in Table V . The comparison of the two methods is again complicated by the fact that the GIAO and IGLO methods calculate slightly different values of the tensor components, so we cannot expect as good overall agreement for the individual contributions. However, there is evidently still good agreement for the 1s(O) core contributions, which are virtually unchanged from CO, as well as in the CO bond contribution to zz (O) and the CO contribution to xx (O). From both methods, one obtains that the individual contributions to xx (C) are all positive in sign, which reflects the overall dominance of the diamagnetic shielding for this tensor component. Large paramagnetic contributions remain for yy (O).
As found in the carbon shielding tensor, the NCS and IGLO lone pair contributions differ quite significantly. The IGLO lone pair contributions to zz (O) are not transferable to CO ͑Ϫ671.0 ppm vs 35.3 ppm͒, whereas the n (O) NCS contributions in H 2 CO and CO are nearly the same value ͑35.3 vs 35.7 ppm͒. This high transferability occurs despite the fact that zz (O) is the tensor component of greatest shielding in CO, while in H 2 CO it is the component of least shielding. The NCS analysis clearly shows that the large antishielding value of Ϫ1188.7 ppm for zz (O) may be attributed almost exclusively to the single contribution from the n NBO, whereas the ''ground'' n contribution to zz (O) is unchanged from CO.
The high transferability of both lone pair and bond contributions in NCS analysis expresses what one expects of a localized bond analysis: Structurally similar bonds and lone pair NBOs in a pair or series of related compounds should have similar effects on the shielding tensor components. In contrast, the IGLO lone pair contributions in H 2 CO bear no resemblance to those in CO. It is true that a transformation may be applied to achieve a ''Ϫ'' separation 52 of the lone pair LMOs to make them more nearly like the NBOs, but such a transformation is somewhat arbitrary in the LMO context. In contrast, the NBO localization scheme automatically leads to such nonequivalent lone pairs of high transferability through its maximum occupancy criterion.
Except for xx , the non-Lewis contributions to each oxygen tensor component are smaller than those found for the carbon shielding tensor, indicating that the non-Lewis interaction has the most effect on the carbon nucleus. While the non-Lewis contribution is still largest for zz (O) ͑97.0 ppm͒, the non-Lewis contributions to xx (O) and yy (O) show no particular proportionality to the paramagnetic contributions as they do in carbon. Experimental values of the oxygen shielding tensor components 51 ͑as shown in the last row of Table V͒ 
Hydrogen
The IGLO and NCS contributions to the isotropic hydrogen shielding, iso ͑H͒, in H 2 CO are given in Table VI. The CH bond exhibits the largest single contribution, ͑31.50 ppm͒ which is 6.2 ppm greater than in CH 4 . However, other contributions, especially those of the neighbor CH and CO bonds ͑as well as the non-Lewis density; see below͒ reduce the total shielding to 22.5 ppm, 9.0 ppm less than in CH 4 . The IGLO decomposition attributes to the two oxygen lone pairs a total anti-shielding contribution of Ϫ2.17 ppm, whereas the NCS method assigns a much smaller total lone pair contribution of Ϫ0.3 ppm. The NCS result is perhaps more intuitive; one does not expect idealized lone pairs separated by two bonds to have much effect on the shielding. The NCS analysis also suggests a significant (Ϫ4.38 ppm) antishielding contribution from the non-Lewis density, having no counterpart in the IGLO analysis. Such non-Lewis contributions are examined in more detail in the following section.
IV. NON-LEWIS CONTRIBUTIONS IN FORMALDEHYDE
The non-Lewis ͑delocalization͒ features of the electronic structure in formaldehyde have a remarkable effect on the shielding tensors of all the nuclei. Probably the most striking is the effect on the carbon shielding tensor, particularly zz (C). NBO contour diagrams may be used to visualize the physical origin of the main non-Lewis feature. Figure 1͑a͒ is an orbital contour plot ͑taken through the plane of the nuclei͒ of the idealized oxygen n lone pair NBO, with its weak ''orthogonalization tail'' at the adjacent carbon. The NBO lone pair, which has a relatively high energy, exhibits good overlap with both unfilled CH * antibond NBOs, one of which is shown in Fig. 1͑b͒ . Large regions of favorable overlap for these two orbitals can be seen when their contours are superimposed, as in Fig. 1͑c͒ . In this figure, the pre-orthogonal NBO ͑PNBO͒ lone pair is used because the PNBO is the correct orbital for estimating the strength of the NBO delocalization interaction through overlap. 1 In terms of an idealized Lewis structure, such a favorable overlap and a good energy match results in a hyperconjugative ''charge transfer,'' n → CH * , from the filled Lewis lone pair NBO to the unfilled CH * antibond NBO, and accounts for a delocalization energy ͑relative to the idealized structure͒ of Ϫ28.6 kcal/mol, which is estimated from second-order perturbation theory analysis of the off-diagonal Fock matrix element connecting the two orbitals. 1 The effect of the delocalization on the lone pair is seen in the density contour of the corresponding NLMO in Fig. 1͑d͒ , which is the idealized NBO ͓Fig. 1͑a͔͒ plus the n → CH * delocalization tail. As opposed to the NBO, the NLMO is not of maximum one-center density, as can be seen in Fig. 1͑d͒ from the delocalized lobes on the hydrogen atoms. The LMOs used in the IGLO and LORG calculations are much like the NLMOs in that they typically incorporate such delocalized features.
The NCS analysis indicates that the n → CH * delocalization contributes to the tensor component zz (C) only through the induced term. Recall from Eq. ͑16͒ that, within the GIAO framework, the action of the magnetic field is proportional to that of L z , the angular momentum operator, on each AO about its respective center, and the resulting distortion in the density ( n D z0 ) in turn generates a local paramagnetic field at the nucleus.
Following Cornwell's model of orbital rotations, 37,53 the action of L z can be visualized as a 90 degree rotation of the n orbital about the z axis, as shown schematically in Fig.  2͑a͒ . The rotated NBO, L z n , shown in Fig. 2͑b͒ , is perpendicular to the molecular plane, and has good overlap with the CO * antibond NBO, shown in Fig. 2͑c͒ , which results in a local paramagnetic field approximately proportional to
where ⌬⑀ϭ⑀ n Ϫ⑀ * is the excitation energy of the oneelectron magnetic dipole transition n → CO * . The leftmost factor in the numerator is simply the overlap of the antibond with the rotated NBO. The effect of the electronic excitation on the shielding of a particular nucleus N is determined by the second factor, in which r N , the distance from nucleus N, appears. Orbital contour plots may be used to provide a more detailed visual analysis of the overlap integral in the numerator of Eq. ͑17͒. In Fig. 3͑a͒ , a contour plot of the CO * antibond NBO is shown, and in Fig. 3͑b͒ , the contour plots of the rotated NBO (L z n ) and CO * are superimposed. The arrow indicates the direction about which the lone pair NBO is rotated out of the yz plane. One sees that there is good overlap in the region of the oxygen atom, which, aided by the relatively small energy denominator, results in a strong paramagnetic deshielding for both oxygen and carbon
The effect of the n → CH * hyperconjugation on the shielding may be seen from a corresponding plot of the rotated lone pair NLMO ͑including its delocalization tail͒ as in FIG. 2 . Schematic representation of the n → CO * magnetic dipole excitation. ͑a͒ NBO lone pair (n ) orbital, in the yz plane. The effect of the magnetic field B z is that of L z , the angular momentum operator, which rotates the lone pair by 90 degrees out of the yz plane. The rotated NBO ͑b͒ has a good overlap with the CO * antibonding orbital ͑c͒.
FIG. 3. Contour plots of NBOs in H 2
CO demonstrating the effect of the n → CH * hyperconjugative delocalization on the shielding tensor component zz (C), following Cornwell ͑Ref. 37͒. ͑a͒ Contour diagram of the CO * antibond, taken through the mirror plane perpendicular to the molecular plane. ͑b͒ Contour diagrams of the CO * antibond and the rotated lone pair NBC L z n showing regions of favorable overlap near the oxygen atom. ͑c͒ Contour diagrams of the CO * antibond and the rotated lone pair NLMO, showing cancellation of angular momentum integral overlap in the region of the delocalization tail. When the NLMO is rotated in the opposite sense, the region of the delocalization tail has favorable overlap, and a shielding opposite in sign to that of the idealized NBC is generated. Fig. 3͑c͒ . Here, one sees that the n → CH * character has caused the lone pair NLMO density to cross over the vertical nodal plane of the CO * NBO and into the region near the carbon nucleus, the effect of which is to change the sign of the 1/r 3 term, resulting in local magnetic field which is opposite in sign to that generated by the idealized lone pair NBO. In agreement with this visual analogy, the non-Lewis n → CH * feature has a positive contribution to zz (i) (C) of 123 ppm. The corresponding NLMO, which is the sum of the NBO lone pair and the n → CH * delocalization, is found to have a contribution of 52.3 ppm to zz (C), which may be compared to the corresponding IGLO result of 37.5 ppm. The delocalization contribution thus appears as the strong difference between the shielding contribution from a highly localized ͑NBO͒ lone pair and a the corresponding contribution from the semilocalized ͑NLMO͒ lone pair which incorporates the hyperconjugative n → CH * delocalization feature.
Further insight into the difference between the localized and semilocalized description of the oxygen lone pair may be found by considering canonical MO shielding contributions ͑following the original treatment of Ditchfield 3 ͒, as shown in Table VII for zz (C) and zz (O). The occupied MO of highest energy, which is largely composed of the oxygen lone pair n NBO, is shown in Fig. 4 . Contour diagrams of the other MOs are available in many textbooks, cf. Drago. 54 The entries in Table VII show that the paramagnetic contribution from the canonical ''n '' orbital dominates the tensor component zz for both C and O. Upon inspection of Figs. 4 and 3͑a͒, one sees that the orbitals n and CO * are nearly identical except for a rotation about the z axis. Thus, there is nearly perfect overlap when the L z operator acts on the n MO, resulting in an overwhelming paramagnetic contribution of Ϫ252 ppm for C and Ϫ1365 ppm for O. This accounts for nearly all of the paramagnetic contributions from the n lone pair and CH bond NBOs of the localized picture. As discussed above, the delocalization tail is responsible for the difference in the contributions to zz (C).
There has been consensus among many chemists that the shielding tensor component zz (C) of carbon nuclei in carbonyl compounds is strongly dependent on a magnetic excitation of the same symmetry as the optical transition labeled n→*. 50, 55 In many studies of carbonyl compounds, correlations between max n→* , the wavelength of maximum UV absorption, and the carbonyl carbon chemical shift have been reported. 56 The general trend is that increasing UV absorption wavelength corresponds to deshielding of the carbon. The physical picture which accounts for this trend is that the energy denominator ⌬⑀ in Eq. ͑17͒ is inversely proportional to max n→* , meaning that increasing wavelength corresponds to a smaller energy gap and a larger paramagnetic contribution to the shielding tensor.
Because the n canonical MO has the single largest contribution to the shielding tensor component zz (C) and its ''rotated'' counterpart L z n has a very good overlap with the CO MO, there appears to be a reasonable theoretical justification for this assumption. It is of interest that Wu et al. 30 used the IGLO analysis of the carbon shielding in H 2 CO to argue that the n→* excitation does not play a significant role in determining the value of zz (C), based on the observation that the IGLO contribution is positive, whereas a paramagnetic n→* magnetic excitation should give a negative contribution. However, NCS analysis finds that the n contribution to zz (C) negative in sign ͑Table IV͒, which is consistent with the n→* excitation model. Of course, one should always use contributions from the symmetry-adapted canonical MOs, the eigenfunctions of the Fock operator, for direct comparison to UV data. Thus, in this case, the NCS analysis, rather than the IGLO analysis, captures the essential behavior of the ''spectroscopic'' MO contribution.
V. CHEMICAL SHIELDING ANISOTROPY
A benefit of localized bond decomposition is the possibility to discover which localized orbitals ͑or delocalized features͒ influence the chemical shielding anisotropy parameter most strongly. To perform such an analysis, the NCS algorithm expresses the Cartesian shielding tensor in terms of independent symmetric (S) and antisymmetric (A) parts, viz., Table VII . where T is the transpose of the total tensor, following the notation of Anet and O'Leary. 57 The symmetric tensor is then diagonalized to give
where R is the similarity transformation ͑direction cosine matrix͒ that relates the principal axis frame of sym to the Cartesian coordinate system. The resulting diagonal elements of sym are ordered so that 33 у 22 у 11 . anti is the antisymmetric part of the tensor, represented in the principal axis frame, with three independent components 12 , 13 , and 23 . The chemical shielding anisotropy is computed as
We then use R to analyze NBO contributions to sym , anti , and ⌬ from the NCS contractions ͑5͒ and ͑9͒. ⌬ is an important parameter in solid state NMR as well as liquid state NMR relaxation phenomena.
NCS analyses of ⌬͑C͒ and ⌬͑O͒ in CO and H 2 CO are shown in Table VIII . The value of each entry may be interpreted as the anisotropy of the contribution that each NBO makes to the tensor. The entry for each 1s NBO is essentially zero because the shielding contribution is isotropic. For CO, all the ␦ contributions are positive, which follows from the fact that each bond and lone pair NBO provides a positive unperturbed contribution to ʈ , but a negative contribution to Ќ which is primarily due to the induced density. The most anisotropic contributions to the tensor are those of the lone pair and CO NBOs, which provide the strongest induced contribution to xx . Except for n (C), the anisotropy of each orbital contribution is higher for oxygen than for carbon, which leads to greater value of ⌬ for oxygen.
For H 2 CO, the ''off-axis'' n and CH NBOs provide the most anisotropic contributions to the oxygen and carbon shielding tensors, respectively, because of their strong antishielding contributions to zz . Compared to the anisotropies found for CO, ⌬͑O͒ is much greater in H 2 CO, primarily due to the n contribution, whereas ⌬͑C͒ is smaller, due to an overall lowering of the individual contributions. Surprisingly, the CO bond has almost no influence on ⌬͑C͒. For both ⌬͑C͒ and ⌬͑O͒, the effect of the non-Lewis density is negative in sign, which follows from the fact that the greatest non-Lewis contribution to the shielding is in the component zz , which is also the component of least overall shielding ( 11 ) for both C and O.
VI. COMPUTATIONAL PERFORMANCE
The NCS analysis has been incorporated into a standard NBO framework 36 and does not add any unusual constraints to the existing NBO program. Memory usage is approximately 12N B 2 words, where N B is the number of contracted basis functions. This accommodates the transformation coefficient matrices a, b, c, d, and t of Eqs. ͑2͒ and ͑3͒, as well as the c ␣0 coefficients of Eq. ͑17͒ which are evaluated only once. The remaining storage is for the D 00 h ␣␤ and D ␣0 h 0␤ contractions as they are being calculated. The computational time depends primarily on three parameters: The number of atoms, the number of occupied orbitals, and the number of basis functions. The computational time is linear in the number of atoms for which the shielding is computed, but the dependence on the other two parameters is more complex. For each occupied NBO j, expressions ͑6͒ and ͑10͒ must be evaluated for each of the N B 2 matrix elements j→n D pq 00 and j→n D pq ␣0 , respectively. In turn, the j→n D 00 and j→n D ␣0 matrices must be evaluated for each of the virtual NBOs (n), the number of which varies approximately as N B , leading to an total calculation time approximately proportional to N B 3 . The time needed for the calculation of the excited density contractions of Eq. ͑9͒ is compounded by the additional sum over the MOs in Eq. ͑10͒. Determined from data Table II. c Determined from data in Table V. d
Determined from data in Table IV . Table IX lists the times for the standard SCF procedure ͑including integral evaluation͒, the raw GIAO calculation, and the NCS analysis on an IBM RS6000/39H computer for the molecules reported in this study as well as two larger molecules, benzene and 18-annulene. The first three entries show that the additional time required for the NCS analysis of CH 4 , CO, and H 2 CO is modest. For such small molecules, the time required for the NCS analysis is usually less than half that required for integral evaluation and the SCF procedure. For larger molecules, the increased number of occupied orbitals can lengthen the calculation time considerably, due to the increased number of j→n contractions ͓Eqs. ͑5͒ and ͑9͔͒ and number of terms in the summation of Eq. ͑10͒.
In the particular case of 18-annulene ͑RHF/3-21G, 198 basis functions͒, the SCF and GIAO calculation times are increased, but much more time is needed for the NCS analysis ͑which was carried out on four atoms͒. The effect of the relative number of occupied orbitals can be seen by comparing the 18-annulene timings to the timings for benzene. Here, N B is larger ͑234 vs 198͒ and the time required for the SCF and GIAO routines is correspondingly increased, but the time required for the NCS analysis is shorter since there are many fewer occupied orbitals. Further time savings can be realized for benzene since only two shielding tensors ͑one for H, one for C͒ need to be analyzed. These considerations suggest that NCS analysis of GIAO calculations should be practical for many systems of chemical interest.
VII. CONCLUSION
Our results demonstrate that the numerical advantages of the GIAO method for chemical shielding tensor calculations can be combined with the conceptual advantages of a localized orbital analysis, including analysis of chemical shielding anisotropy. For molecules well described by a single Lewis structure, such as CH 4 and CO, we have shown that the NCS analysis corresponds very closely to that provided by the IGLO program.
Comparing the LMOs used by the IGLO program with the underlying NBOs used in the NCS analysis, it appears that NBOs exhibit more transferable contributions to chemical shielding and better reflect certain symmetry properties of the spectroscopic canonical MOs of formaldehyde. Much of this improvement is associated with improved treatment of lone pairs. For example, in symmetric molecules, the NBO analysis will usually find one lone pair orbital to be oriented along an axis of symmetry, making its contribution to at least one tensor component purely diamagnetic and hence more transferable to other molecules.
When a completely localized picture of chemical bonding is not appropriate, as in the case of molecules which exhibit bond conjugation or hyperconjugation, the NCS analysis also determines the shielding contributions from the delocalized features. As we have shown, delocalization effects may be significant for shielding tensors in molecules as small as formaldehyde, where NCS analysis indicates a significant contribution to the shielding from the hyperconjugative delocalization n → CH * . Future NCS analysis will be aimed at providing an improved theoretical basis for studying the influence of extended electronic delocalization on chemical shielding ͑including aromatic ''ring currents''͒, as well as finding improved methods for relating measured NMR chemical shifts to distinct structural features in organic and bioorganic molecules. 
